All automobile manufacturing companies, Google and Microsoft have announced recently their production of the Fully Automated Autonomous Vehicles (FAAVs), otherwise known as driverless cars. A few FAAVs would be available in the market as early as in 2018, but mostly in 2020's. When FAAVs will be available to and become affordable by the average consumers, the implications to the society would be far reaching. The purpose of the paper is to examine the prospect of the popularity of FAAVs and their socio-economic implications to the future society of the World. The paper examines potential impacts on selected sectors of the society including changes in demand for automobiles, its impact on the use of oil, on the environment, and on urban land uses, to list a few.
Introduction
New technologies have altered the physical possibilities of human settlement, as well as the economic, cultural, and political relations of human activities. Certainly, transportation technologies such as highways, railroads, electric streetcars, and automobiles have transformed the human settlement space tremendously [1] . Transportation has become an integrated and necessary part of urban life, and today's urban dwellers use various types of transportation modes to tioning India's plan targeting an all-electric vehicles fleet by 2030 [8] . On July 26, British government announced that new diesel and petrol cars will be banned from UK roads by 2040 [9] .
In light of these developments, the purpose of this article is to shed light on the life cycles of the ICE cars and FAAVs by closely examining the validity of assumptions behind claims made by the RethinkX and to assess the socio-economic implications to the future society of the World.
The major claims reported in the report by the RethinkX include: 1) Fully automated autonomous vehicles (FAAVs) will be available and all regulations regarding the use of FAAVs will be approved by 2020 in the USA.
2) Vehicle fleet size will drop by over 80% due to the popular use of FAAVs, from 247 million vehicles in 2020 2 to 44 million by 2030 in USA. Consequently, supply for cars and truck will be reduced by 70%.
3) At the same time, passenger miles driven in 2030 will increase to 6 trillion miles from 4 trillion miles in 2015 due to the increase use of FAAVs and 95% of passenger miles in 2030 will be driven by FAAVs with all kind of services provided by the market using FAAVs. 4) Annual manufacturing of new ICE mainstream cars sold to individuals will drop to zero by 2030.
5)
Demand for oil will drop to 70 million barrels per day (mbd) in 2030, down 1 See Appendix for different levels of autonomous car. 2 The total number of registered cars in the USA is 270 million and the report by RethinkX does not explain the reason behind the reduction of fleet size from 2017 to 2020 by 33 million cars. Journal of Transportation Technologies from the peak of 100 mbd in 2020 and the price of oil will fall to around $25 per barrel. 6) Lower volumes of demand and prices of oil will have geopolitical implications for energy security, military spending and regional stability.
In the sections that follows, the long-term development trend of the surface transportation will be briefly reviewed to shed light on the life cycles of transportation technologies which, in turn, could allude to the prospect of FAAVs in the coming years.
Long-Term Development Trend for Surface Transportation Technologies
Many cars are already equipped with cameras and sensors to help drivers avoid potential accidents. Now, competition is developing not only between traditional automakers such as GM, Volvo and Hyundai, but also among technology companies like Apple and Google as they plan to place FAAVs on the street as early as 2020.
The advent of app-enabled car services such as Uber which have upended the traditional taxi business model by swiftly matching riders with drivers based on proximity and need. The services offer clean, owner-operated vehicles and convenient pickup arrangements at competitive prices, usually with little or no wait time, even during peak ridership hours. What else could be the most disruptive technology other than a ubiquitous driverless "TaaS" 3 service in the future! The advent of the fully automated autonomous vehicles (FAAVs) will certainly enable to provide such services in the near future. The search for and development of cheaper and better surface transportation modes have been evolved rapidly in the past and eventually make them commercially available sometime in the future, if not in 2020s. Despite some unreasonable assumptions and unsubstantiated claims reported in the RethinkX, it is inevitable that the technology trends for the development of the surface transportation modes in the past 150 years will continue and they teach us a good deal of lessons as shown in Figure 1 .
The horse-drawn omnibus was overtaken by cable cars in 1870s, which, in turn, was over taken by electric tramways around 1910; the later was replaced by bus in 1930s and then by automobiles as they became economical and technologically superior. In fact, the new transportation mode replaced the existing one when the new mode became technologically superior and economically competitive to the existing ones.
Thus, it seems to be inevitable that the new technology based FAAVs and its related services will eventually replace the existing ICE cars when the cost of owning and/or operating them becomes economical [10] . The time might not in next 8 years, but would be soon in the near future when FAAV become affordable to the average consumers. Journal of Transportation Technologies 
Advancement of Fully Automatic Autonomous Vehicles

Production and Operational Plans
As reported earlier, almost all automobile manufacturing companies and other IT companies have announced their plans to produce FAAVs in the near future. To list a few, Volkswagen plans to introduce FAAVs by 2019, Audi by 2020, Ford by 2020, GM by 2020 or sooner, Nissan by 2020, Hyundai and Kia by 2020, BMW by 2021, Toyoda by 2020, Jaguar and Land-Rover by 2024, and Daimler Benz by 2025.
A real-world test site called K-City is under construction for evaluating performances of FAAVs before placing them into the market by the Ministry of Land, Infrastructure & Transport of South Korea. The facility will be an area of approximately 90 acres with a budget of approximately USD 10 million. The K-City will be a test site for performance of FAAVs, providing self-driving data. The data obtained there constitute valuable big data that can be utilized for car insurance, urban planning and many more as well as self-driving car developments. The data from this testing ground could also shed lights on an optimal combination of communications, software and mobility services.
Advancement of Battery Technology
High costs of lithium-ion battery cells have been one of the main hindrances to large-scale electric-car adoption, as they typically lead to higher purchase prices for electric cars than comparable internal-combustion models. However, due to improved chemistry, manufacturing processes, and economies of scale, average electric-car battery costs continue to decline as we have experienced from the development cycles of all technologies in the past.
"Battery pack prices are expected to halve to $215 per kilowatt hour by 2020 from $400/kWh now… the industry would need a global battery production ca-Journal of Transportation Technologies pacity of 600 gigawatt hours, enough to build 8.6 million cars with an average battery size of 70 kWh" [11] . (Research and Market July 2-17). Desjardin (2017) reported that "for the foreseeable future, the improvement of battery technology relies on modifications being made to already-existing lithium-ion technology. In fact, experts estimate that lithium-ions will continue to increase capacity by 6% -7% annually for a number of years" [12] Recently, researchers at the University of Texas, Austin developed the first all-solid-state battery cells that could lead to safer, faster-charging, longer-lasting rechargeable batteries for handheld mobile devices, electric cars and stationary energy storage [13] .
Among currently available electric cars, the ranges for a few less expensive 
Does the World Have Enough Lithium?
Among various components that make FAAVs operable, one critical requirement is lithium-ion battery, and among many components required for lithium-ion batteries, the key element is lithium itself. Lithium is the lightest solid element and an excellent conductor of electricity and heat. If there would be 44 million FAAVs by 2030 in the USA as the researchers of the RethinkX predicted and if a Lithium-ion battery uses between 3 to 4 kg of Lithium as Gruber et al. [15] estimated, then total amount lithium needed to make 44 million batteries by 2030 amounts to 176,000 tons. Lithium is being used for various industrial productions. The estimated global end use of lithium as of 2016 in the order of high usage were: Batteries (39%), Ceramics & glass (30%), Lubricating greases (8%), Continuous casting (5%), Polymers (5%), Air treatment (4%), Aluminum Production (1%), Pharmaceutical (1%), Others (8%) [16] . Figure 2 shows lithium resources and reserves world-wide. Table 1 shows the global total of 36, 000 tons of lithium produced by various countries in the world in 2016. There are about 10 countries in the world where lithium deposits were found as shown in Figure 2 . The concentration of lithium reserves is in South America, where there's approximately 66% of the world's reserves, particularly in Argentina, Bolivia and Chile. Mohr et al. [17] published a detailed assessment of global lithium supply and demand. However, the total amounts of lithium deposits known as of today are not conclusive. While 39 million tons of in-situ lithium resources are known to be available, the actual recoverable lithium will likely be about 19 Million tons as reported earlier in [15] .
Even if there would be only 44 million FAAVs operating by 2030 as the study by the RethinkX estimated in the USA and even if up to 90% of lithium could be recycled from batteries after 10 years of operation, the scarcity of lithium Journal of Transportation Technologies deposits would ignite a fierce competition for searching for and securing them among countries producing FAAVs and lithium-ion batteries, unless alternatives to lithium-ion batteries would be developed.
Recently, Benson et al. [18] reported that large quantities of lithium are thought to be hiding in lake deposits right in the caldera of super-volcanoes such as Yellowstone.
Impact Assessment of FAAVs on the Society
The advent of FAAVs and their related industry would have severe geopolitical implications for energy security, military spending and regional stability. Among many others, the followings seem to be more relevant to the transportation engineers and planners.
Demand for Automobiles
The authors claimed that automobiles will be dropped from 270 million in 2017
in the USA to 247 million in 2020 and to 44 million in 2030. The authors' esti-Journal of Transportation Technologies mation of the 80% of fleet size reduction was based on an assumption that the price of FAAV become competitive to the conventional ICE cars and the majority of consumers would purchase an FAAV or choose the mode, "Transportation-as a-Service (TaaS)," the term the RethinkX used in its report to refer to such services as Uber without drivers.
I am not convinced that the number of automobiles will be so drastically Even if FAAVs will be fully commercialized and became affordable, and the TaaS services became available to average consumers, it would be very unlikely that consumers will abandon all ICE cars they purchased in recent years and in next few years. If and when the fully commercialize services such as "TaaS" may become available, the average household would still keep at least one car for the use of family, and the car will most likely be an ICE car. That may amount to 120 million cars, even assuming the total number of household in 2017 would be constant. The difference between 120 million and 44 million is too big to be realized by 2030. Thus, the estimate of the car fleet size and consequent reduction of the consumption of oil will have to be carefully scrutinized and studied.
Demand for Oil
Oil remains the world's leading fuel, accounting for 33% of global energy consumption. Roughly 63% of oil consumption is from the transport sector in the world. For 2017, the IEA Oil Market Report [19] forecasted that the average demand for the year worldwide would reach more than 98 million barrels of oil per day, equivalent to 35.8 billion barrels a year.
In 2016, the United States consumed a total of 7.19 billion barrels of petroleum products, an average of about 19.63 million barrels per day, one fifth of the global demand [20] . Of the total petroleum consumption, 71% was used by the transportation sector and the remaining 29% by other sectors; 23% by the industry, 5% by the commercial and residential sectors, and 1 % for electric power generation.
Borrowing the claims by the authors of the RethinkX that the US peak demand for oil being 20 mbd, and assume that transportation sector used 71% of oil consumption as was in 2016, demand for oil for the transportation sector would be 14.2 mbd. Further assuming that 2.25 cars per household would be reduced as 1.0 ICE car (44% reduction) as speculated above, it means 6.25 mbd will be for the transportation sector. Thus, the total oil consumption be 12 mbd in 2030, 6.25 mbd for the transport sector and 5.8 mbd for other sectors, assum-Journal of Transportation Technologies ing that demand for electricity by all sectors except transportation remains constant. On the other hand, the demand for oil for generating electricity would be increased from 1% since FAAVs use batteries since the nuclear power plants may be faced out gradually.
Demand for Electricity
In 2016, about 4.08 million gigawatts per hour (gWh) of electricity were generated at utility-scale facilities in the United States. The US Energy Information Agency (EIA) reported that "about 65% of this electricity generation was from fossil fuels (coal, natural gas, petroleum, and other gases), about 20% was from nuclear energy, and about 15% was from renewable energy sources" in 2016 [21] . The U.S. EIA estimates that an additional 19,000 gWh of electricity generation was from small-scale solar photovoltaic systems in 2016.
To install an average battery size of 70 kWh for 44 million FAAVs by 2030, for example, the industry would need an additional 3080 gWh per day for charging 44 million batteries, assuming one battery per FAAV charging once a day. To generate the required amount electricity, about 33 more nuclear power plants of the size of the Palo Verde nuclear power plant in Arizona will be needed with full capacity operating for 24 hours a day. The Palo Verde plant is the largest combined electricity generating capacity in the USA with 3937 megawatts generation capacity [22] . Or another hydroelectric power plant equivalent to the Hoover Dam size will have to be constructed.
Some may cast hope that the development of hydrogen cars would reduce dependence on electricity. Even hydrogen cars, however, need electricity for producing hydrogen for operation. As of 2017, there are 3 hydrogen cars publicly available in the markets; the Toyota Mirai, the Hyundai ix35 FCEV, and the Honda Clarity. The two key reasons why manufacturers of cars focus on electric motors and not on hydrogen engines are the high cost of producing hydrogen and the low efficiency. The price for 1 kg of H 2 is about 3 times that of 1 gallon of gasoline and the well-to-wheel efficiency for hydrogen is known to be less than 25% [23] . In 2016, less than 5% of hydrogen in the USA is produced by electrolysis using electricity and water, consuming approximately 50 -80 kWh of electricity to produce one kilogram of H 2 , equivalent to about 40 kWh of electric energy [24] .
On the Environment
US EPA reported that "twenty-six percent of U.S. greenhouse gas (GHG) emissions is from transportation. Transportation is the second leading source of GHG emissions in the United States, just behind electricity" [25] . Electric cars are known to be green and thus no pollutants will be emitted from them. Cities' air will be cleaner. However, all depends on where the electricity comes from. About two billion metric tons of CO 2 per year coming from smokestacks from coal-fired power plants, the single-largest source of greenhouse gas pollution in the U.S. Biello (2016) reported that "…electric cars may or may not help the country combat climate change", as long as coals are used for generating elec-Journal of Transportation Technologies tricity [26] .
On Land Use
American Automobile Association (AAA) reported in 2016 that Americans use cars average 2 hours per day [27] , pointing that cars are parked for 22 hours per day. Assuming that the US population would reach to 359 million as the US Census Bureau estimated [28] , the number of households would be about 120 million. Further assuming that average household would have only one car due to the popularity of FAAVs, the total parking spaces would be reduced by 40%, from 270 million lots in 2017 to 110 million lots, a size equivalent to the state of Rhode Island could be converted to other uses.
Ben-Joseph (2015) reported that, in most urban areas in the USA, land uses for parking "cover more than one-third of the metropolitan footprint" [29] .
Chester et al. (2015) estimated that 14% of Los Angeles is currently used for parking [30] . According to the 2010 U.S. Census Bureau, the Los Angeles metropolitan area has a total area of 4850 square miles and 14% of the land would be 679 square miles. Reduction of 40% of the LA metropolitan area' sparking spaces due to the popular use of FAAVs would be about 270 square miles, an area similar to Lexington, KY.
The implications to urban land uses would be unprecedented (Kim, 2015) [31] , if 40% of parking space would be released in an urban area. What impacts to LA would be, if an area size equivalent to 270 square miles could be released from parking space to be used to other urban activities?
On Congestion
Reduction of fleet of cars will undoubtedly ease the level of congestion. How much would it be and what impacts would it bring to the socio-economic changes are not yet carefully studied. Without accompanying a detailed analysis, Frey [32] asserted the followings:
• For a city of 2 million people, a fleet of 30,000 autonomous vehicles will displace 50% of peak commuter traffic.
• During off-peak times, 30,000 autonomous vehicles will handle virtually all other transportation needs.
• Less than 4 million autonomous cars will replace 50% of all commuter traffic in the U.S. • With roughly 250 million people in the U.S. living in urban communities, 3.75 million autonomous vehicles will handle 50% of peak commuter traffic in the country.
• That means 4 million autonomous vehicles will replace our need for half of all cars, or roughly 129 million vehicles.
On Other Impacts
It is still too early to predict who is most likely to benefit from the use of FAAVs, manufacturers or operators. Uber's profits could very likely increase with the Journal of Transportation Technologies cost of the driver eliminated, and car-sharing services like Zipcar could reduce or even eliminate the need to own a vehicle. This may reduce auto sales by more than a million units annually over the next decade as the researchers of the Re-thinkX predicted.
Frey (2017) further claimed few of other possible impacts as follows:
• Noise levels in cities will be cut in half.
• The shift to electric vehicles will dramatically change the sound of a city.
• Cities will lose over 50% of their revenue by the reduction of sales tax and reduced income from traffic violations, gas tax, vehicle licensing, parking meters, and parking garages.
Summary and Conclusion
While the estimations and claims by the authors of the Rethinking Transportation 2020-2030 seem to be a bit exaggerated, it is inevitable that the technology trends for the development of the surface transportation modes in the past 150 years will continue and it tells us a good deal of lessons as shown in the Figure 1 .
The new mode of transportation will overtake the existing mode in the market when the new one is technologically superior and economically cheaper. When FAAV becomes affordable and FAAV based on-demand transport services become ubiquitously available, consumers might not need to own more than one carper household since driverless mobility services would become attractive. Cost for providing driverless transport services will become affordable for average consumers since the portion of the labor cost will be eliminated.
About 50% of the current Uber charges are labor cost [33] . Assuming one car per household in the future and the total number of households in the USA will be constant as in 2017, the total number of cars would be around 120 million.
Assuming even the half of 120 million cars would be FAAVs or electric cars, demand for electricity for charging 60 million batteries daily would be surmountable. Even to charge batteries daily for 44 million FAAVs as claimed by the authors of the Rethinking Transportation 2020-2030, the additional demand for electricity would be equivalent to the amount of electricity generated by the Hoover Dam.
Demand for lithium for batteries would surge as FAAVs become popular.
Even if up to 90% of lithium could be recycled from batteries after 10 years of operation, the scarcity of lithium deposits would ignite a fierce competition for Journal of Transportation Technologies searching for and securing them among countries producing FAAVs and lithium-ion batteries.
The popular use of FAAVs will undoubtedly affect oil prices. However, the use of oil for electricity generations could surge and thus possible changes of the global demand for oil, and their implications to the future life styles, and the global economy are yet to be carefully studied.
The advent of affordable FAAVs will have tremendous implications to the socio-economic environment in the future world: the environment, land use in urban areas, traffic and congestion, and the way the mobility industries work, to list a few.
